SUMMARY Systolic pressure in the pulmonary artery was estimated from the interval between pulmonary valve closure and tricuspid valve opening, and the heart rate using a nomogram previously described. The timing ofvalve movements was recorded by Doppler ultrasound. The estimated pressure correlated well with that obtained at catheterisation in 45 of 48 patients with pulmonary hypertension. Instantaneous variations in pressure and changes with treatment and during exercise could be measured. The method was easy to apply in all age groups, and was found useful both in detecting pulmonary hypertension and in the follow-up of patients. It may help to determine the optimal time for surgery or the effect of treatment.
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The audible Doppler signal from moving valves can be clearly distinguished from that of blood flow, but cannot always be clearly separated on the velocity tracings; the amplitude of the Doppler signal easily distinguishes the two since valve movements reflect far more energy (Fig. 3) .
The ultrasonic recordings were made from the left sternal border, locating tricuspid and pulmonary flow by directing the transducer to the right and upwards, respectively. The position and depth were adjusted until both blood flow and valve movements were clearly heard. Tricuspid and pulmonary flow were then recorded on an Elema Mingograph together with the electrocardiogram and phonocardiogram at a paper speed of 100 mm/s. Usually, both mean and maximum velocity were recorded together with the amplitude of the Doppler signal to ensure optimal position, and recordings were made on both sides of the valves to detect possible valve stenosis or regurgitation. As the measured Pc-To interval varied slightly with respiration a mean of 10 beats was used; in atrial fibrillation the mean of 20 beats was taken. Systolic pulmonary artery pressure was estimated from the Pe-To interval and heart rate using Burstin's nomogram. Extrapolation was made when the heart rate exceeded 125 (Fig. 2) .
Since pulmonary and tricuspid flow were not recorded simultaneously, the recorded with the tricuspid flow curve.
Right heart catheterisation was carried out as previously described4; some padients were studied before surgery, others during the evaluation of vasodilator treatment for chronic left ventricular failure.
The Pe-To interval was recorded in 15 normal subjects, in 50 patients with various forms of heart disease but without pulmonary hypertension, and in 48 patients with pulmonary hypertension verified by heart catheterisation. In 14 of the patients with pulmonary hypertension, pressure and ultrasonic recording were done simultaneously. In the others the ultrasonic recording was made on the day before catheterisation in most, but in a few some days before.
Repeat ultrasonic recordings were done in 14 clinically stable patients, in 12 patients during treatment for heart failure, and in one premature infant with ventricular septal defect and pulmonary hypertension. Of the 14 stable patients, six had chronic heart failure caused by coronary heart disease in four and congestive cardiomyopathy in two, four had mitral regurgitation, one pulmonary heart disease, one primary pulmonary hypertension, and two congenital heart disease. Of the 12 patients being treated for heart failure, eight had coronary heart disease with previous myocardial infarction, two had congestive cardiomyopathy, one had aortic valve replacement for aortic regurgitation and one had mitral valve disease. In seven patients measurements were done both before and after operation. In 12 patients with mitral stenosis the Pc-To interval as well as the maximal velocity in the mitral jet were recorded both at rest and during exercise. The pressure drop across the valve can be calculated from maximal velocity in the mitral jet.4 5 Patients with severe right heart failure or with significant tricuspid regurgitation were not included.
Results
Fig . 3 and 4 show the ultrasonic recording of pulmonary and tricuspid flow in one patient with normal and one with raised systolic pulmonary artery pressure. The mean velocity curve in Fig. 3 shows that pulmonary flow is recorded away from the transducer (negative) while tricuspid flow is recorded towards the transducer (positive). Valve movements are best seen in the lower curve (amplitude). Pulmonary valve opening is not shown here. By recording 0 5 to 1 cm farther away from the transducer, the valve opening can be clearly seen, but the closing movement is then less prominent.
The difference in Pe-To interval between a normal subject ( Fig. 3 ) and a patient with pulmonary hypertension (Fig. 4) (Fig. 7) . The repeat measurements showed only small variations in individuals. Twelve patients were followed during the treatment of heart failure (Fig. 8) . The fall in pulmonary artery systolic pressure after vasodilator treatment was confirmed by direct pressure recordings. Fig. 9 shows the results of repeat ultrasonic recording in a prematurely born child with ventricular septal defect. A gradual decline in pressure is seen, except for the recording at 12 months of age when he was crying and less co-operative than on the other occasions.
In seven patients, measurements were done both before and after operation. Fig. 10 is taken from a patient with mitral regurgitation. The estimated pulmonary artery systolic pressure before operation was 70 to 75 mmHg. Three weeks after mitral valve replacement the estimated pulmonary artery pressure was < 30 mmHg. Table 1 sizeable decrease in pulmonary artery pressure being seen in most. In two patients (cases 6 and 7), one of whom had been in cardiac failure for more than a year before operation and the other who still had a residual left-to-right shunt, the pressure fall was slower and less dramatic.
EXERCISE
In 12 patients with mitral stenosis, pulmonary artery systolic pressure was estimated both at rest io0 and during exercise (bicycling in the supine position). Tricuspid flow was easily recorded during exercise, and pulmonary flow was also recorded in most patients. In the remaining patients, the phonocardiogram was used to determine pulmonary valve closure during exercise (pulmonary flow was recorded at rest in all). The Pc-To interval shortened with exercise, but with increases in heart rate the estimated pressure increased in nine of the 12. be more easily detected than the initial opening earlier in diastole and this may then be overlooked. The early diastolic filling in this patient (Fig. 11) was so much less, and with less valve movement (2nd diastole) that it had to be specially looked for. In the first and third diastole the signals from the initial opening and early diastolic flow have been too weak to be recorded, whereas in the second beat it is recorded probably owing to increased flow during inspiration. Since it is the time of the initial opening that is needed and not of the reopening at atrial systole, one should be alerted to search for this when valve movement and diastolic filling at first is recorded only at atrial contraction. With a prolonged PQ interval and/or very rapid heart rate, however, this may occur simultaneously with atrial systole, but in such cases tricuspid valve opening occurs early in diastole.
Discussion
Accurate recording of the Pc-To interval is essential, as can be seen from the nomogram (Fig. 2) . A difference in the interval of 10 ms will result in a 10 mmHg difference in estimated pressure. Ultrasound can record valve movements directly and is an easy and accurate way to obtain the interval. Localisation of pulmonary valve closure from the phonocardiogram alone was difficult in many adult patients as the initial deflection of P2 was often hidden in the vibrations from A2.
Echocardiography can be used to measure the possible explanation is the so-called "hang-out" interval described by Shaver et al. 7 They showed that closure of the pulmonary valve was normally delayed from 30 to 80 ms after the end of right ventricular systole. The delay varied with diastolic pressure in the pulmonary artery and decreased when the pressure increased. This would lengthen the Pc-To interval and might diminish or cancel the effect of increased rate of pressure fall.
A similar finding was noted by Cumming,8 who described an early P2 in patients with persisting high pulmonary artery pressure, and a delayed P2 in patients with low pulmonary artery pressure after banding of the pulmonary artery. Further investigation is necessary to study if and by how much the relaxation rate and the Pc-To interval are influenced by the height of pressure, by changes in sympathetic tone, or by drugs.
The other requirement if this method is to be reliable is a normal right atrial pressure; if increased, the estimated pulmonary artery pressure may be too low. A raised right atrial pressure should be easily found by recording jugular venous pressure; tricuspid regurgitation will be noted by Doppler. However, even in those patients estimation of a significantly raised pulmonary artery pressure is useful even if the degree of underestimation is not clear. It may be that the height of the jugular venous pressure or the degree of tricuspid regurgitation can be allowed for in the estimation but this needs further study. 
